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ABSTRACT 
 A collaborative study was conducted to examine the degradation of commercially 
pultruded uni-directional E-glass composites. The case study specimens, including a variety of 
commercially pultruded polyester/E-glass and vinylester/E-glass composites were exposed to 
corrosive environments, namely: distilled water     , bleach       , and hydrochloric acid 
      for a minimum of 60 days, and the degradation was analyzed. Such a study was chosen on 
two accounts, 1) to contribute viable data to industry and research and 2) to provide data to be 
used to develop a standardized practice to characterize the durability for pultruded composites 
used for structural applications. A control group was tested without any exposure at room 
temperature using ASTM D6641-09 and ASTM D2344-13 for compressive properties (strength 
and modulus) and short-beam strength, respectively. Values obtained were then compared to 
their respective exposed values. Statistical analysis including coefficient of variation (COV), 
retention rates, and average percent weight change were calculated from the data obtained to 
determine what effect each corrosive environment had on the specimens and which, if any test 
method provided the most repeatable results. It was ultimately determined that short-beam 
strength data yielded the lowest COV values and thus provided the most consistent uniform data, 
CLC strength gave the first glance at deterioration yielding retention rates 5-10% lower than 
short-beam strength, and in many instances, an inverse relationship between average percentage 
weight change and retention rates was found. 
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INTRODUCTION 
Originally conceived as a viable aerospace super-material, known for its high specific 
strength and stiffness properties, fiber-reinforced polymeric composites have become an 
increasingly popular material of choice stretching into multiple industries. In general, a fiber-
reinforced polymeric composite material, more commonly referred to as simply a composite, is 
defined as a fibrous material (fiber) coated by a resin (matrix); the two constituents symbiotically 
serve one another as the fiber bears the structural load and acts as reinforcement, while the 
matrix provides special properties to the composite, i.e. corrosion or fire resistance and shields 
the fiber from the environment. Various types and forms of fibers exist, as do equally compatible 
matrices. The fiber/matrix combinations available are ever-evolving and are particularly 
interesting because it increases application specific composite development.  
Initially the aerospace industry utilized composites for their strength-to-weight ratio. 
However, vast manufacturing processes and improvements have been made since the arrival of 
composite materials. Such developments in the material have made composites more affordable 
for commercial applications outside of aerospace. One of the most cost-effective methods of 
manufacturing composites in the commercial industry is the method of pultrusion.  
Generally speaking, the pultrusion method takes uni-directional fiber rovings and pulls 
them through a resin (matrix) bath where they are appropriately drawn (shaped) through a series 
of perform plates before entering a die. The die is heated externally and functions to form the 
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shape of the composite. Typical die shapes include circular (rod type), or rectangular (flat type), 
but they may be customized for the special parts, such as I-beams, H-beams, etc. However, the 
shape must be a uniform cross section. The part is then either partially or fully cured while being 
pulled through the die and is continually pulled through a system of pullers to the end of the 
pultrusion machine, where it can be automatically cut to size via a built-in circular saw and 
timing system. A typical setup of the pultrusion machine is depicted in Figure 1 [1]. While a 
uniform cross section may limit the type of manufactured part, commercial manufacturers often 
prefer the pultrusion process because it offers high-quality, low-cost products using a relatively 
simple manufacturing process.  
 Figure 1 – Schematic Diagram of the Pultrusion Process [1] 
Although composite materials are becoming popular in several new industries and the 
benefits of composite materials are greatly recognized, some industries and applications are 
reluctant to consider the new material. Specifically, civil engineering industries such as 
architectural, infrastructure, and transportation applications are hesitant to entrust the new 
material because the life-long service (50+ years) data is relatively limited compared to 
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traditional metals; their exists exponentially more data on traditional building materials such as 
wood, aluminum, and steel than on composite materials. Furthermore, the current lack of design 
standards also has limited the utilization of poly composites in some civil engineering 
applications. 
This is even further complicated and limited by the amount of customizable fiber/matrix 
combinations for example, a few popular composite materials range from polyester/E-glass, 
vinylester/E-glass, or even carbon/epoxy (carbon fiber). In addition the practice of using 
different manufacturing process to produce a part does not produce equal parts. For example, the 
bond strength, defined as how well the matrix attaches to the fiber, may vary depending on the 
manufacturing process. Also, one process may produce more voids in the material, thus reducing 
the overall strength or even method of failure.  
Finally, the structure and properties of composite materials are more complex than 
traditional metals. Traditional metals are generally said to be isotropic. In other words, they have 
uniform properties throughout their molecular structure and can be pulled in any one direction X, 
Y, or Z plane an equal amount of distance until failure. On the other hand composites are 
anisotropic. This means that they have different properties along different directions; they are 
strongest along the direction of the fiber and weakest in the direction normal (perpendicular) to 
the fiber. Concrete with steel rebar reinforcement is a good example of this concept. Concrete by 
itself is very strong when compressed. However, when a tensile stress is introduced, it is 
particularly vulnerable. This is why the concrete is reinforced with the steel rebar. The steel rebar 
helps absorb and transfer the tensile, axial loading. Another example of an anisotropic material is 
wood. Wood is stronger along the grain and weaker against the grain.   
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We have identified that it is paramount for the future development of composites to study 
not only the various properties of composites themselves but also the service life of the 
composite materials. Therefore the focus of this study will look further into the properties of 
commercially pultruded composites, but more specifically the durability of pultruded composites 
when exposed to corrosive environments. This data will be especially critical as the standard for 
Load Reduction Factor Design (LRFD) of Pultruded Fiber Reinforced Polymer (FRP) Structures 
is completed to allow more extensive use of pultruded composites in structural applications [2, 
3]. 
Throughout its service life composite materials are subjected to environmental stresses. 
Environmental stresses include ultraviolet (UV) radiation, moisture infiltration, thermal loads, 
and chemical exposure, to name a few. Over time such exposure degrades the material 
cosmetically and physically, weakening its mechanical properties.  
Published research in composite degradation surfaced in the 1960s.  Most of the work at 
this time was in advanced composite applications, involving aerospace and military research. 
Perhaps the oldest published paper on the topic was published by Amerongen in 1964, titled 
“Diffusion in Elastomers” [4].  At this time, the largest studied aspect was analyzing moisture 
absorption in composite materials.  
Several experiments in the 1970’s focused on weight change in composites over time, 
and from the data obtained, several attempts to formulate a mathematical approach to calculate 
the rate of absorption were deduced [5]. While some of these models were found accurate in 
comparative studies, additional studies disagreed leaving such models inconclusive at best.  
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Perhaps the first publication on corrosion for glass-fiber reinforced plastics (GFRP) came 
from the British Navy in 1966 in which the effect of water on GFRP was analyzed and reported 
[6]. These early studies ultimately helped generate a new field of research for composite 
materials, asking the question “How well do composite materials resist their environment?”  
Halpin and Tsai, renowned experts in the field of composite design and analysis, would follow 
suit and publish their own study in 1969, sponsored by the United States Air Force Materials 
Laboratory Wright-Patterson Air Force Base in Ohio [7]. Further studies in the 1970’s and 
1980’s would later focus on the micromechanics of the degradation of composite materials.  
After several decades of research, perhaps one of the most practical methods to analyze 
and study the service life for composite was developed. Incorporating a two-part approach, this 
process utilized specimen exposure a corrosive environment for a prolonged period of time, 
followed by qualitative test to evaluate the change in properties of material. Such succession 
therefore would indicate how exactly corrosive the exposure to the environment is to the 
composite material. It should be noted that there are several methods that may be used to 
evaluate the degradation including destructive and non-destructive methods; however, this paper 
will make use of various destructive mechanical tests to obtain the material properties. 
Modern research focuses on the development of what is known as an “accelerated” 
exposure test. This means that when a sample is exposed to a corrosive medium for a given 
amount of time, such exposure is indicative of a much longer exposure, ideally the life service of 
the material. Accelerated exposure methods are popular for a number of reasons. It is simply 
impractical, extremely inefficient and cost prohibitive to physically expose a material for a 
prolonged life service, such as 50+ years to an environment (controlled or not) and then perform 
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analysis to determine and evaluate the durability of the material. Instead, an accelerate test cuts 
down the time and cost of the test in an effort to rapidly predict the effectiveness of exposure or 
provide life service data of a material. This is by no means an easy task. The process of 
identifying such a method is an exhaustive process and complex in general. Ongoing research in 
this area is continually being performed and addressed. Fortunately many professional societies 
are currently working together to address these issues, but ultimately to date there lacks a 
universal, standardized test that addresses accelerated corrosion for composite materials. This 
study is chiefly concerned with helping to provide additional data and lay the groundwork for 
developing such a standard for pultruded composites.
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BACKGROUND 
In order to fully understand where current research efforts are being placed it is important 
to be aware of the history of the field of research. This section will provide a brief account of 
how composite material corrosion research came into being, from its inception as early as 1966, 
to modern day 2016 and in-between the fifty years of study. 
Given the history of composites in aerospace, it is fascinating to state that one of the 
earliest papers published on durability of composite materials surfaced in 1966, through a British 
Royal Navy sponsorship, conducted by Fried and Graner [6]. One year later, Fried published 
“Degradation of Composite Materials: The Effect of Water on Glass Reinforced Plastics” [8]. 
Before Fried, in 1964, a study was published on the diffusion of elastomers [4]. The immediate 
effect of this publication would directly influence what would be termed as “the moisture 
problem” for composite materials [5].  Fried’s study was interesting because it explored the 
effects of seawater on composite materials. It also explored the how seawater and pressure 
affected composite materials. His analysis concluded with the novel idea that the synergistic 
workings of pressure and seawater environmental effects greatly degraded the composite 
materials [8]. At this point in time composite materials were believed to be the all-great space 
material, the material of the future, etc. It was believed that composite materials, unlike some 
traditional metals did not corrode. This notion, coupled with their high specific-strength made 
them a very desirable material. However, this publication caught the attention of the composites 
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community and would create a new field of research that would be ushered in throughout the 
next decade concerning the effect of environmental degradation on composite materials.  
Before that decade would start, in 1969 Halpin and Tsai (whom would later generate 
multiple contributions in the composite materials mechanics field) published a paper titled 
‘Effect of Environmental Factors of Composite Materials”. Although, at the time it was generally 
known that environmental stresses, namely temperature and moisture imposed adverse effects on 
composite materials, Halpin and Tsai would be the first to postulate the parameters for both 
reversible and irreversible temperature effects [7]. Much of the next decade would build on these 
ideas, and in the 1970’s a large number of studies would be published addressing the issues 
previously stated on degradation of composite materials. Of course most work at this time was 
still primarily focused on advanced composite applications.  
In 1976, Springer published “Moisture Absorption and Desorption of Composite 
Materials”. This study may have been a first to predict moisture content utilizing Fourier’s Law 
of Thermodynamics and Fick’s Law; Springer derived what he referred to as a Fickian Method 
[9]. In his work he exposed unidirectional Graphite T-300 Fiberlite 1034 composites to various 
temperatures and humid environments and analyzed the percent moisture content (percent weight 
gain) of the material as function of time, M(t). His use of mathematical modeling would 
influence other research to focus on deriving similar mathematical approaches in determining 
moisture content and other factors that would directly shape degradation of composite materials.  
Springer also published a paper with Loos titled “Moisture Absorption of Graphite-
Epoxy Composition Immersed in Liquids and in Humid Air” in 1979[10]. The paper built off his 
previous work in studying moisture as a function of time and temperature, but it also introduced 
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a liquid medium that the composites would be submerged in. Again, this work was concerned 
with advanced composite materials, exclusively utilized in aerospace and military application. 
As such, the mediums consisted of Amoco No. 2 diesel fuel, Phillips Petroleum jet A fuel, 
Stauffer type 2 synthetic aviation lubricant, salt water, and distilled water. It is interesting to note 
that in his experiment the distilled water and saltwater exhibited a distinct trend which showed 
higher temperatures with higher moisture absorption.  This is further validated with what is 
understood today with hygrothermal effects on composites. 
 In 1980 Springer et al. published an additional paper titled “Moisture Absorption of 
Polyester E-Glass Composites” [11]. Almost all studies up to this point were focused on 
advanced composites used in aerospace applications. The study was very similar to the published 
work previously mentioned; however, it focused on polyester/E-glass composites and moisture 
content, M(t) calculated when exposed to distilled water at room temperature for three samples 
of various composition: two samples consisted of polyester/E-glass chopped composites (with 
varying fiber volume,    = 25% and 65%) and a vinylester/E-glass composite (  =30%). It is 
interesting to note that higher fiber volume yields more gradual moisture absorption, although 
not necessarily the lowest. The results of the study also show that higher fiber volume absorbs 
less moisture at room and elevated temperature when exposed to fuel. This makes sense because 
today, it is understood that moisture is a matrix-dominated property. 
 Up until about 1980 Springer’s work focused on moisture content as a means of 
quantifying environmental degradation. He would also go on to publish works like “Effects of 
Moisture and Temperature on Tensile Strength of Composite Materials” with Shen [12]. In this 
study they analyzed moisture and temperature. However, he would also quantify how the 
moisture and temperature effects degrade composites mechanical properties would be measured. 
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This work was accomplished as a survey, compiling data from over a dozen contemporary 
works, summarizing how great of an affect temperature and moisture played a role on composite 
materials as well as fiber orientation (0º, 45º, and 90º). The survey revealed that 90 º fiber 
orientations resulted in stronger (greater than 30%) degradation in tensile properties, while 0º 
and 45º fiber orientations exhibited negligible or little (less than 30%) degradation.  
Shen and Springer also published “Environmental Effects in the Elastic Modulus of 
Composite Materials” [13]. This study was very similar to the previous work. A survey was 
performed analyzing the affect of temperature and moisture on tensile and compressive modulus 
of elasticity for epoxy composites. The results followed the same trend as the previous paper. 
In 1980, Springer, Sanders, and Tung published “Environmental Effects in Glass Fiber-
Reinforced Polyester and Vinylester Composites” [14]. This work would encompass all 
Springer’s previous works and findings. The experiment would look into the hygrothermal 
effects of polyester and vinylester/E-glass composites exposed to various mediums, at room and 
elevated temperature (23ºC and 93ºC) over a six month period, including saltwater, diesel fuel, 
lubricating oil, antifreeze, and indolene. The samples in this study were then measured for their 
moisture absorption and evaluated for their mechanical properties, including short-beam strength 
to the ASTM D2344-76 standard [15]. This study concluded that specimen size did not 
significantly affect short-beam strength, that there was an identifiable correlation between 
amount of moisture absorption and material property degradation, that drying out specimens 
does not restore the material properties i.e. degradation is permanent, and that temperature and 
environment are significant factors in material degradation. All referenced Springer publications 
were compiled and featured in his “Environmental Effects on Composite Materials” in 1981 [5]. 
His work featured a dozen papers on the topic from his own research and collaboration with 
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others in the area. He credited his research and findings from the funding of the U.S. Air Force 
Materials Laboratory, NASA-Ames Research Center, and General Motors Company. Springer 
would continue to publish additional volumes from his studies in “Environmental Effects on 
Composite Materials” [16, 17].   
At this point in the field of research it was understood how moisture and thermal effects 
played a role in altering the material properties of all composites together, synergistically and a 
term was coined in the field to further analyze such “hygrothermal” degradation. It was also 
understood that mathematical modeling alone could not address the issue of hygrothermal 
degradation. Works published after this time focused on applying these newly understood ideas 
and would include mechanical testing as a means of evaluating degradation.  
A few literature reviews and surveys were published on environmental effects of 
composite materials in the 1990s. Schutte wrote a very well detailed review citing 200+ 
publications [18].  Her review was complete in that it highlighted what was known/researched at 
the constituent level i.e. fiber level, matrix level, interface level (generally defined as the 10 μm 
thick layer between the fiber and matrix). She also included computational methods as well as 
analytical methods in her discussions and reviews.  
Bank et al. in 1995 published “Accelerated Test Methods to Determine the Long-Term 
Behavior of FRP Composite Structures: Environmental Effects”  in which he takes the topic of 
accelerated test methods and reviews what was accomplished at the material level 
(fiber/matrix/interphase) under various exposure conditions (thermal, moisture, etc.), analyzed 
by various experimental techniques (including mechanical testing) and the type of failure 
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mechanisms that resulted (also categorized by material) [19]. He also surveyed the theoretical 
modeling. 
Weitsman from the University of Tennessee also published a review on the topic in 1998 
[20]. This review was more industry specific as it was written from industry to industry to 
highlight what was previously accomplished in the field of research.  
Davies published “Composites Underwater” in 1998 [21]. The work serves as an updated 
study referencing Fried’s pioneering work, completed 30 years prior. This work does not attempt 
to discuss thorough detail of degradation of composite materials throughout the aging process as 
the process is unique in each fiber/matrix combination. Rather this work brings to light the 
difficulties of degradation testing process – calling it an exhaustive process where validations 
and predictions are not presented together, and further emphasizes the importance of developing 
design parameters that can be quantifiably defined. Davies continues to summarize how trends 
have developed in composite degradation research. In his work he subjected samples in seawater 
for a prolonged period of time and compared the “real” data to laboratory tests he defined as 
accelerated test procedures. His work is especially important because it emphasizes the industry 
need to provide data that may be used in future studies and to develop accelerated test methods 
for degradation that can be quantifiably evaluated. 
Davies’ work emphasizes the importance to build a material database that can be shared 
industry-wide and stresses the need to continually study composites and their complex nature. 
Traditional metals are well known because, not only are they not as complex as composite 
materials, but they have been studied, standardized, and there exists an exponential amount of 
research on them. Of course this gets more difficult when you start to consider how traditional 
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metals database look when you start to inquire about traditional metals that are alloyed. 
However, it shall be understood that there must exist a vast database of material knowledge to 
further advance the field.  
Enter durability gap analysis. In the 2000’s, the National Institute of Science and 
Technology (NIST) sponsored a study on durability gap analysis. Karbhari et al. published 
“Durability Gap Analysis for Fiber-Reinforced Polymer Composites in Civil Infrastructure” in 
2003 [22]. At this point the civil engineering industry was researching more into composites for 
their benefits. In civil engineering applications it is paramount that life service is factored into 
the design process. Such data requires material database. This publication provided a scope of 
data that summarized the known and unknowns of environmental effects of composite materials 
from moisture, thermal, UV, and chemical standpoint and emphasized the importance of 
amassing data so as to build a large material database and increase industry awareness. The study 
also serves as a testament to a collaboration of professional societies working to advance the 
knowledge in the field, operating namely under the umbrella of NIST, and the Civil Engineering 
Research Foundation (CERF). 
In 2010 Lackey et al. published “Comparison of Composite Properties from Different 
Test Standards – A Case Study from the Development of a Load and Resistance Factor Design 
(LFRD) Standard for Pultruded Composites” [23]. This effort was once again a joint study 
amongst several professional societies including the American Composite Manufacturers 
Association (ACMA), American Society of Civil Engineers (ASCE), and Pultrusion Industry 
Council (PIC). Currently there exist several different standardized test methods to evaluate 
composite materials. This study examined several mechanical tests for pultruded composites in 
efforts to evaluate and compare the different standardized tests and document the findings 
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towards the development of a LRFD standard for pultruded composites. Above all, this study 
recommended the use of ASTM D6641over D695 for compression testing and validated the use 
of ASTM D2344 for short-beam strength.  
In 2013, Lackey et al. exposed pultruded polyester/e-glass and vinylester/e-glass 
composites to distilled water and an alkali solution for periods ranging from 0-1000 hrs and 
compared baseline and experimental tensile data using ASTM D638-10 [24].  The paper was 
performed as a case study for the LRFD standard development, which strives to establish a 
design methodology that is reliability-based to limit variability. As such, LRFD pre-standard 
conditions were practiced for the exposure of water and alkali solutions. This study also made 
use of the application of identifying outliers and determining characteristic values of the two-
parameter Weibull distribution specified in Mil-HDBK-17 and ASTM D7290-06(110, 
respectively[25,26]. This study also monitored weight change of the specimens; however, such a 
correlation between weight change and tensile strength were not evident.   
Generally speaking, the history of standards development for composite materials has 
been greatly influenced by plastics. As such, standards developed for plastics, including 
corrosion testing and mechanical testing, are often employed for composites. While recent 
standards have been developed for corrosion exposure for composite materials, including ASTM 
C581-15 “Standard Practice for Determining Chemical Resistance of Thermosetting Resins Used 
in Glass-Fiber Reinforced Structures Intended for Liquid Service” and BS EN 13121-1:2003 
“GRP Tanks and Vessels for Use Above Ground, Raw Materials, Specification Conditions and 
Acceptance Conditions” [27, 28], none to date specify the use of pultruded composites for the 
design of structures. Also, while both addressing moisture absorption for composites or plastics, 
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ASTM D5229 and ASTM D570 do not address the specific needs for a standard related to 
environmental exposure of pultruded composites for structural applications [29, 30]. 
With the expanded use of fiber reinforced composites in civil engineering applications, 
such as structural applications, comes the need for standard practices to be followed when 
exposing pultruded composites to environments to gather data for property databases and design 
standards. The pultrusion industry has recognized the need for such a standard development and 
formed a task group of academic and industry leaders, commercial manufactures, and 
independent test laboratories to provide the groundwork for the development of such a standard 
with the first order of business to identify the most appropriate mechanical property to evaluate 
environmental exposure effectively. In an effort to serve this task force, the primary intent of this 
research was to provide the background data to specify which mechanical properties to evaluate 
in a new standard practice to characterize the durability of the pultruded composites for structural 
applications. 
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METHODOLOGY 
 The following methodology was established and carried out by the ASTM D20.18 
“Reinforced Thermosetting Plastics” subcommittee, task group WK44436. The following 
experiment was a collaboration between manufacturers and independent test laboratories.  Each 
participating member received prefabricated, ready-to-test glass fiber reinforced plastic (GFRP) 
composite specimens from the contributing commercial pultruders. Each member was then 
instructed to immerse all of their samples in three, separate test mediums, namely: Great Value™ 
Distilled Water, Great Value™ Easy Pour Bleach (5% weight sodium hypochlorite), and Ricca 
Chemical Company® Hydrochloric Acid (20% weight). Specific commercial products were 
specified for use by all participants to ensure that all participants used similar conditioning 
media. 
In order to determine when mechanical testing was needed to identify significant 
changes, the manufacturers were instructed to immerse additional samples. Every fifteen (15) 
days the manufacturers, in alternating order for efficiency purposes, removed samples from the 
tests mediums and tested the samples in accordance with ASTM D6641-09 and ASTM D2344-
13 for their combined loading compression (CLC) strength and short-beam strength, respectfully 
[31, 32]. The obtained mechanical properties were then compared to the baseline (control) 
values. Once it was determined that any manufacturer obtained any retention value, from any 
medium, less than 60% of the baseline as-pultruded  value, all participating parties were notified 
and a test exposure length was established herein. It was announced that a manufacturer first 
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received a retention value of 60% or less after 60 days exposure. Therefore, all participating 
parties were instructed to remove their samples for testing after 60 days of chemical exposure.  
Three separate, disclosed commercial pultrusion composite manufacturers provided 1/4" 
nominal thickness test samples of commercial pultruded plate products, herein reported as 
Product #1-3.  The products included both polyester/E-glass and vinylester/E-glass composites, 
with Product #1 being polyester/E-glass, Product #2 being polyester/E-glass with fire retardant 
additives, and Product #3 being vinylester/E-glass with fire retardant additives . The specimens 
were sent out to five (5) separate independent test laboratories, namely: AOC, LLC (Collierville, 
Tennessee), Ashland Performance Materials (Dublin, Ohio), Owens Corning (Granville, Ohio), 
SPX Corporation (Overland Park, Kansas) and the University of Mississippi (Oxford, 
Mississippi). In addition the manufacturers also tested their own products, totaling to a 
collaborative effort of eight (8), separate parties. Individual data from only the University of 
Mississippi testing is presented in this thesis. Summary data from the other participating 
laboratories is presented for comparison, but specifics related to data from the outside 
laboratories are not discussed as all details associated with the outside testing are not known. 
Following the presentation and discussion of the University of Mississippi test data, conclusions 
based on this data are compared to overall conclusions from all data sets from the other seven (7) 
participants. 
Each manufacturer provided at minimum twenty-five (25) samples for ASTM D6641-09 
and twenty-five (25) samples for ASTM D2344-13. It is assumed that special attention was 
provided so that all GFRP samples were cut to provide 0 º fiber orientations to ensure in-plane 
testing for the composites.  Upon arrival, all samples were inspected and labeled for 
organizational purposes with a permanent marker (conventionally on the surface “top” and 
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“bottom” face) and labeling was generated in the following order per Tables 1-3. An example of 
“as received” specimens is shown in Figure 2. Once labeled for future identification, the test 
samples were then initially measured and weighed with a Mitutoyo Corp. Model No. CD-6” 
CSX digital caliper (±0.001” accuracy) and an A&D Company, Limited Model Number GR-202 
digital scale (±0.0001g tolerance) before being prepped for exposure. 
 
Figure 2 –Samples As Received  
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Table 1 – Product #1 Description and Label Samples 
Description 
Polyester/E-Glass 
Label Sample Numbers 
ASTM D6641 As pultruded 1-5 
ASTM D6641 submerged in HCl 6-13 
ASTM D6641 submerged in Bleach 14-19 
ASTM D6641 submerged in DI Water @ RT 20-25 
ASTM D2344 As pultruded 1-5 
ASTM D2344 submerged in HCl 6-13 
ASTM D2344 submerged in Bleach 14-19 
ASTM D2344 submerged in DI Water @ RT 20-25 
 
Table 2 – Product #2 Description and Label Samples 
Description 
Polyester/E-Glass with fire retardant additives 
Label Sample Numbers 
ASTM D6641 As pultruded 1-5 
ASTM D6641 submerged in HCl 6-13 
ASTM D6641 submerged in Bleach 14-19 
ASTM D6641 submerged in DI Water @ RT 20-25 
ASTM D2344 As pultruded 1-5 
ASTM D2344 submerged in HCl 6-13 
ASTM D2344 submerged in Bleach 14-19 
ASTM D2344 submerged in DI Water @ RT 20-25 
 
Table 3 – Product #3 Description and Label Samples 
Description 
Vinylester/E-Glass with fire retardant additives 
Label Sample Numbers 
ASTM D6641 As pultruded 26-30 
ASTM D6641 submerged in HCl 31-38 
ASTM D6641 submerged in Bleach 39-44 
ASTM D6641 submerged in DI Water @ RT 45-50 
ASTM D2344 As pultruded 26-30 
ASTM D2344 submerged in HCl 31-38 
ASTM D2344 submerged in Bleach 39-44 
ASTM D2344 submerged in DI Water @ RT 45-50 
 
A total of six plastic storage containers, with airtight-locking tops were obtained. Each 
container was labeled with black permanent marker so that the contents could be correctly 
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identified. The containers were then filled with their corresponding exposure medium (HCl, 
Bleach, and DI Water at room temperature) approximately half-way full to ensure that, when 
placed inside, the samples would be completely submerged. The samples were then placed in 
their corresponding bin. The bins were then labeled to note the initial time and date that the 
samples were submerged. The airtight lids were then sealed shut and each container was stacked 
on top of one another. The stacks of containers were then ultimately placed in a larger plastic bin 
with an airtight-locking lid that was also sealed. The samples were then left in storage at room 
temperature to for their 60 day exposure time. The sample storage containers are depicted in 
Figure 3. 
 
Figure 3 – Sample Storage Container 
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The first round of testing that took place was the control group of as-pultruded, 
unexposed samples, chiefly in part because these samples were the first available for testing due 
to the fact no exposure time was required. Short-beam strength testing was performed per ASTM 
D 2344-13 using a 5 kip MTS 810 Material Test System universal testing machine. (Note: due to 
a hydraulic leak on the 5 kip MTS machine, samples exposed to HCl were tested using a 110 kip 
MTS machine). Peak load was recorded using a digital data acquisition system. An observation 
of failure method was ascertained and recorded, i.e. shear failure, compressive or tensile flexure 
failure, or inelastic deformation per ASTM D2344.  Short-beam strength was calculated per Eq. 
1 from ASTM D2344-13: 
          
  
   
                                                      (Eq.1) 
Where: 
                              , 
                                              , 
                              , and  
                                 
 
All data was recorded for future analysis. Photos were also taken to visually document 
the test apparatus and sample failure as shown in Figures 4 and 5.  
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Figure 4 – Sample being prepared in an ASTM D2344-13 test apparatus 
 
Figure 5 – Typical Short-beam failure sample 
 Note: Sample dimensions are nominally 1-½” x ¼” x ¼” 
 
Compressive properties of the control specimens were then obtained in accordance with 
ASTM D6641-09. Testing was performed on a 22 kip MTS 810 Material Test System universal 
testing machine. Loading data was recorded using a digital data acquisition system and 
MTL/Test Resources software. Strain data was obtained using an Epsilon axial extensometer 
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Model Number 3442-D6641-008M-020-HT2, which was calibrated prior to performing all 
experimental testing.  The samples were loaded into the test fixture and all compressive data 
(loading and strain) were recorded. Upon failure, specimens were removed and analyzed for their 
mode of failure, per ASTM D6641. All data was then placed into a Microsoft ® Office Excel 
spreadsheet, from which CLC strength and modulus were calculated. CLC strength was 
calculated per Eq. 4 from ASTM D6641-09, or referred herein as Eq. 2: 
    
  
  
                                                           (Eq. 2) 
Where: 
                              , 
                                , 
                          , and  
                                
 
Compressive modulus was calculated between 1,000-3,000 με (microstrain) using the 
following equation, per ASTM D6641-09, Eq. 5, referred herein as Eq. 3: 
   
     
           
                                                      (Eq. 3) 
Where: 
                           , 
                    , 
                    , 
                                                                           , 
                                                                           , 
                          , and 
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Upon testing and recording all data from the as-pultruded, control group, pictures were 
taken to document failure modes and hereby as shown in Figures 6 and 7. 
 
 
Figure 6 – Typical sample failure inside the ASTM D6641-09 test apparatus  
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Figure 7 – Typical sample compressive failures from ASTM D6641-09 
Note: Sample dimensions are nominally 5-½” x ½” x ¼” 
 
 Although the experiment was designed to test and inspect the exposure specimens after 
60 days of storage, there were technical difficulties with the hydraulic power system (caused 
from storm/black out) which derailed testing for the 60 day exposure samples. Instead, the short-
beam samples were removed at 80 days exposure and the compression samples at 96 days 
exposure. All subcommittee members, in their best attempts, aimed for 60 day exposure time. 
However, in the complexities of work schedules, technical difficulties, and the collaboration 
effort in general, the removal of the test specimens from exposure at 60 days was not ideally 
accomplished, thus each participating group tested their samples after a period as close to 60 
  
26 
 
days as possible. Testing for the exposure samples was identical to the previously described 
procedure for the control group except in a few key details described below.  
Prior to testing, the exposed specimens were removed from their respective solutions 
(from which time and temperature were recorded), rinsed with water, dried off, re-labeled (if 
necessary), and weighed immediately. The specimens were then promptly tested to ensure 
mechanical values were collected within two hours of removal from the test medium.  
 It shall be noted that the process of re-weighing the exposed samples prior to testing was 
not specified in the procedure provided to the subcommittee. The supplementary collection of 
this data was exclusively performed at the University of Mississippi. The obtained data was 
collected for additional comparative analysis where weight retention percentage was determined 
by Eq. 4: 
      
       
  
                                                      (Eq. 4) 
Where: 
                                     , 
                                     , and  
                                         
 
In a couple cases, the markings of the specimens were lost from the corrosive exposure. 
These samples were re-marked X1, X2, etc. in a random fashion and only group data was hence 
available for the affected set. Also in one case, technical difficulties prevented all of testing to be 
completed on the same day. Data was thus determined the following day for reference only. 
Finally, photos were taken to document testing, method of failure, and appearance change from 
corrosion exposure.  
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 All raw, collaborative test data was collected and analyzed at the University of 
Mississippi. Data was grouped per test, per medium, and per product. Grouped data was 
averaged and a standard deviation was calculated for all sets of data. Sample mean or average 
and standard deviation (STD) were calculated using the following formulas, herein referred to as 
Eq.5-7: 
   
 
 
   
 
                                                          (Eq. 5) 
 
   
 
   
        
 
                                                (Eq. 6) 
 
                                                                 (Eq.7) 
 
Where: 
                          
              
              
                   
                      
 
In addition, a coefficient of variation (COV) was determined. The coefficient of variation 
is simply defined as the ratio of the standard deviation to the average or mean of a given set of 
data points. It is important to consider the coefficient of variation in this particular study because 
it provides a more convenient method of comparing the data between the different data sets. 
Since each data set of different composite products exposed to different media has a different 
mean, by using the COV one may more easily compare the spread of the data sets and evaluate 
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the variability in relation to the mean of the population. The COV was calculated using the 
following formula herein referred to Eq. 8: 
    
   
  
                                                          (Eq.8) 
 
Where: 
                             
                      
                          
 
Retention results were then calculated to best analyze the intensity of degradation to the 
mechanical properties of the composite materials. These calculations follow the same formula 
and operations as the weight retention formula previously described but with the mechanical data 
obtained , i.e. an average of  2.00 Mpsi compressive modulus from the an exposure specimen 
group was recorded as 50% retention from the control group averaged 4.00 Mpsi compressive 
modulus.   
 In addition to the experimental procedure, a supplemental statistical analysis was 
performed per Mil-HDBK-17 to identify outlier data [25]. As specified in Mil-HDBK-17, the 
maximum normal residual (MNR) test was used as a screening procedure to identify the presence 
of outliers in the dataset. Such analysis was not part of subcommittee procedure and thus was 
only performed at the University of Mississippi. Statistical analysis of data was performed using 
STAT17 software available from the Composite Materials Handbook-17, formerly MIL-HDBK-
17 [33]. Supplemental analysis was performed to determine any anomalies in the obtained data 
and to identify and remove outliers. Such limitations further validate the obtained data.  
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 As recommended in Mil-17, outliers which were determined to not reflect true material 
variability were removed immediately from the data analysis at the University of Mississippi. 
This includes samples that were accidentally “over- preloaded” prior to testing and any data 
obtained from tests incorrectly conducted (i.e. data from tests in which improper grip was in play 
and slipping may have occurred). This also includes data from an unacceptable mode of failure 
(i.e. compression data was not obtained from specimens that exhibited end failure). ASTM 
D6641-09 and ASTM D2344-13 both provide figures depicting unacceptable failure modes.   
Upon removing outlier data, all collaborative data was compiled and placed into tables to 
better analyze the experimental results. In addition graphs were generated to further illustrate the 
data trends.  
30 
 
 
 
RESULTS 
 Short-beam strength, CLC strength and modulus, and weight data were recorded for all 
samples in this study. Before any mechanical testing was performed, all samples were weighed. 
Corresponding average percent weight change (APWC) was calculated for each data set, and the 
results are summarized in Tables 4-6, where “SB Samples” denotes short-beam samples and 
CLC (combined loading compression) samples denotes compression samples tested per ASTM 
D2344-13 and ASTM D6641-09, respectively. Note: Such weight change analysis was only 
performed at the University of Mississippi in this collaborative study.  
 Following the removal of the samples from the exposure media and the weight change 
measurements, mechanical testing using ASTM 2344-13 for short-beam strength and ASTM 
D6641-09 for the CLC testing were performed on the products. Mechanical property data is 
summarized in Tables 7-14. Failure mode was examined for all testing and recorded. All short-
beam strength samples were seen to exhibit valid short-beam failure, but, as seen in Tables 7-10, 
some compression samples experience end failure instead of valid compressive failure within the 
gage section. Note that any outlier known to not be representative of the variation in the actual 
property for the product was removed from the data set statistics, for example superscript 1 in 
Table 11, and any samples that exhibited invalid failure mode during the compression testing 
were removed when the statistical analysis of the data set was performed, such as superscript 
note 2 in Table 7 indicates. 
 
  
31 
 
Table 4 – APWC for Product #1 When Exposed to Various Mediums (in %) 
 DI Water Bleach HCl 
SB Samples 
(80 Days Exposure) 
0.83 0.54 -0.04 
CLC Samples 
(96 Days Exposures) 
0.69 0.53* 0.16 
*-Denotes samples were subjected to 97 days exposure  
 
Table 5 – APWC for Product #2 When Exposed to Various Mediums (in %) 
 DI Water Bleach HCl 
SB Samples 
(80 Days Exposure) 
1.31 0.80 1.10 
CLC Samples 
(96 Days Exposures) 
1.13 0.85* 1.03 
*-Denotes samples were subjected to 97 days exposure  
 
Table 6 – APWC for Product #3 When Exposed to Various Mediums (in %) 
 DI Water Bleach HCl 
SB Samples 
(80 Days Exposure) 
0.50 0.46 0.46 
CLC Samples 
(96 Days Exposures) 
0.46 0.59* -0.01 
*-Denotes samples were subjected to 97 days exposure  
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Table 7 – Raw Data Obtained for As-Pultruded Samples per ASTM D6641Test 
Product # Sample # 
CLC 
Strength 
(psi) 
Compressive 
Modulus 
(Mpsi) 
Method of Failure 
1 
1 64,600 4.141 Gage Section 
2 79,575 4.022 Gage Section 
3 63,614 3.460 Gage Section 
4 76,372 3.405 Gage Section 
5 63,145 3.415 Gage Section 
Average 69,461 3.689 
 STD 7,870 0.362 
COV 11.3% 9.8% 
     
2 
1 59,982 3.312 Gage Section 
2 56,928 N/A⁴ Gage Section 
3 67,900 N/A⁴ Gage Section 
4 62,379 N/A⁴ Gage Section 
5 64,917 4.678 Gage Section 
Average 62,421 3.995¹ 
 STD 4,254 0.966¹ 
COV 6.8% 24.2%¹ 
     
3 
1 76,655² 3.791 End 
2 N/A³ N/A³ Gage Section 
3 86,235 N/A⁴ Gage Section 
4 81,721 3.735 Gage Section 
5 79,506 3.204 Gage Section 
6 87,858 3.836  
Average 83,830 3.642 
 STD 3,880 0.294 
COV 4.6% 8.1% 
¹- Denotes low sample variance, only two strain measurements obtained                                                             
²- Denotes unacceptable failure mode, data not grouped in average 
³- Sample improperly gripped, data not recorded 
⁴- Error in strain gage, modulus not obtained 
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Table 8 – Raw Data Obtained for 96 Days DI Water Exposure per ASTM D6641Test 
Product # Sample # 
CLC 
Strength 
(psi) 
Compressive 
Modulus 
(Mpsi) 
Method of Failure 
1 
1 55,064¹ 4.264 End 
2 56,109 4.288 Gage Section 
3 45,410 3.515 Gage Section 
4 58,993 3.202 Gage Section 
5 50,482 3.174 Gage Section 
6 44,211 3.478 Gage Section 
Average  51,041 3.654 
 STD 6,473 0.502 
COV 12.7% 13.7% 
     
2 
1 46,348 1.262 Gage Section 
2 43,907 2.657 Gage Section 
3 39,184 4.007 Gage Section 
4 47,858 4.325 Gage Section 
5 46,784 3.615 Gage Section 
6 48,013² 3.365² Gage Section 
Average  44,816 3.173 
 STD 3,465 1.238 
COV 7.7% 39.0% 
     
3 
1 65,001¹ 4.046 End 
2 55,786 4.248 Gage Section 
3 66,398 4.104 Gage Section 
4 N/A³ N/A³ Gage Section 
5 58,089 4.001 Gage Section 
6 68,326 4.260 Gage Section 
Average 62,150 4.132 
 STD 6,142 0.117 
COV 9.9% 2.8% 
¹- Denotes improper method of failure, data not grouped in average 
²- Tested the day after removal from exposure – reference data only, not averaged  
³- Data lost for run                                                       
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Table 9 – Raw Data Obtained for 97 Days Bleach Exposure per ASTM D6641Test 
Product # Sample # 
CLC 
Strength 
(psi) 
Compressive 
Modulus 
(Mpsi) 
Method of Failure 
1 
1 31,636 4.104 Gage Section 
2 45,847 3.230 Gage Section 
3 31,654 4.009 Gage Section 
4 32,027 5.185 Gage Section 
5 26,119 4.115 Gage Section 
6 48,768 3.269 Gage Section 
Average  36,009 3.985 
 STD 9,070 0.715 
COV 25.2% 17.9% 
     
2 
1 22,732 3.277 Gage Section 
2 23,583 4.397 Gage Section 
3 16,821 N/A¹ Gage Section 
4 20,576 2.818 Gage Section 
5 28,275 3.298 Gage Section 
6 22,111 3.582 Gage Section 
Average  22,350 3.474 
 STD 3,756 0.584 
COV 16.8% 16.8% 
     
3 
1 49,188 3.879 Gage Section 
2 56,633 3.802 Gage Section 
3 48,402 N/A¹ Gage Section 
4 56,066 4.701 Gage Section 
5 55,373 3.863 Gage Section 
6 52,883 3.597 Gage Section 
Average  53,091 3.969 
 STD 3,574 0.425 
COV 6.7% 10.7% 
¹- Denotes error in strain reading, modulus not obtained 
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Table 10 – Raw Data Obtained for 96 Days HCl Exposure per ASTM D6641Test 
Product # Sample # 
CLC 
Strength 
(psi) 
Compressive 
Modulus 
(Mpsi) 
Method of Failure 
1 
1 61,768 3.687 Gage Section 
2 60,310 5.308 Gage Section 
3 49,912 2.996 Gage Section 
4 60,368 2.788 Gage Section 
5 52,556 4.124 Gage Section 
Average  56,983 3.781 
 STD 5,362 1.007 
COV 9.4% 26.6% 
     
2 
1 42,322 2.968 Gage Section 
2 45,030 3.703 Gage Section 
3 37,305 1.648 Gage Section 
4 40,396 4.040 Gage Section 
5 44,602 4.710 Gage Section 
Average 41,931 3.414 
 STD 3,188 1.170 
COV 7.6% 34.3% 
     
3 
1 64,835 3.918 Gage Section 
2 67,763 3.247 Gage Section 
3 68,973 3.717 Gage Section 
4 58,548 3.419 Gage Section 
5 N/A¹ N/A¹ Gage Section 
Average 65,030 3.575 
 STD 4,657 0.300 
COV 7.2% 8.4% 
¹- Data not saved, recorded 
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Table 11 – Raw Data Obtained for As-pultruded per ASTM D2344Test 
Product # Sample # 
Short-beam 
Strength 
(psi) 
1 
1 4,721 
2 5,162 
3 5,592 
4 3,996¹ 
5 5,615 
Average  5,273 
STD 423 
COV 8.0% 
   
2 
1 4,143 
2 4,569 
3 4,440 
4 4,633 
5 4,677 
Average  4,492 
STD 215 
COV 4.8% 
   
3 
1 5,397 
2 5,527 
3 5,634 
4 5,712 
5 5,711 
Average  5,596 
STD 135 
COV 2.4% 
¹- Sample was overloaded prior to test, listed as reference data only, not averaged 
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Table 12 – Raw Data Obtained for 80 Days DI Water Exposure per ASTM D2344Test 
Product # Sample # 
Short-beam 
Strength 
(psi) 
1 
1 4,635 
2 4,351 
3 4,275 
4 4,424 
5 4,684 
6 4,501 
Average 4,478 
STD 160 
COV 3.6% 
   
2 
1 3,830 
2 3,828 
3 3,939 
4 3,623 
5 3,049¹ 
6 3,878 
Average 3,820 
STD 119 
COV 3.1% 
   
3 
1 5,240 
2 5,007 
3 4,712 
4 4,713 
5 4,842 
6 4,506 
Average 4,837 
STD 258 
COV 5.3% 
¹- Sample was overloaded prior to test, listed as reference data only/not averaged 
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 Table 13 – Raw Data Obtained for 80 Days Bleach Exposure per ASTM D2344Test 
Product # Sample # 
Short-beam 
Strength 
(psi) 
1 
1 3,546 
2 3,195 
3 3,476 
4 2,741 
5 2,903 
6 3,013 
Average 3,146 
STD 320 
COV 10.2% 
   
2 
1 1,774 
2 2,091 
3 1,989 
4 2,061 
5 1,951 
6 1,899 
Average 1,961 
STD 115 
COV 5.9% 
   
3 
1 3,495¹ 
2 4,000 
3 3,924 
4 3,811 
5 3,159 
6 3,754 
Average 3,730 
STD 333 
COV 8.9% 
¹- Sample was overloaded prior to test, listed as reference data only/not averaged 
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Table 14 – Raw Data Obtained for 80 Days HCl Exposure per ASTM D2344Test 
Product # Sample # 
Short-beam 
Strength 
(psi) 
1 
1 4,858 
2 4,469 
3 4,835 
4 4,851 
5 4,451 
Average 4,693 
STD 213 
COV 4.5% 
   
2 
1 3,635 
2 3,434 
3 3,732 
4 3,279 
5 3,458 
Average 3,508 
STD 178 
COV 5.1% 
   
3 
1 3,818 
2 4,709 
3 4,240 
4 4,498 
5 4,647 
Average 4,382 
STD 364 
COV 8.3% 
 
Raw data from each collaborative member was sent to a single source or directing party 
and was forwarded the University of Mississippi. From the raw data, statistical averages and 
standard deviations were calculated from each testing entity per specimen, per medium, per test. 
The results obtained from the as-pultruded, control group, which exhibited no corrosive exposure 
are summarized in Tables 15-17. 
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Table 15 – Average CLC Strength (STD) for As-Pultruded Samples (psi) 
Product 
# 
AOC, 
LLC 
University 
of 
Mississippi 
Ashland 
Performance 
Materials 
Product 
Manufacturers 
Owens 
Corning 
SPX 
1 
56,280 
(5,320) 
69,461 
(7,870) 
48,794 
(4,508) 
59,933 
(4,985) 
56,318 
(7,348) 
72,405 
(13,441) 
2 
53,580 
(3,050) 
62,421 
(4,254) 
63,886 
(3,075) 
67,765 
(1,212) 
54,418 
(3,723) 
70,304 
(5,304) 
3 
83,430 
(6,830) 
83,830 
(3,880) 
73,302 
(6,422) 
73,253 
(9,521) 
70,038 
(6,804) 
98,529 
(1,545) 
 
Table 16 – Average Compressive Modulus (STD) for As-Pultruded Samples (Mpsi) 
Product 
# 
AOC, LLC 
University 
of 
Mississippi 
Ashland 
Performance 
Materials 
Product 
Manufacturers 
Owens 
Corning 
SPX 
1 
3.610 
(0.490) 
3.689 
(0.362) 
N/A N/A 
2.828 
(0.444) 
2.024 
(0.440) 
2 
3.330 
(0.310) 
3.995 
(0.996) 
N/A N/A 
3.290 
(0.447) 
2.531 
(0.241) 
3 
4.230 
(0.590) 
3.642 
(0.294) 
N/A N/A 
4.064 
(0.511) 
2.350 
(0.274) 
 
Table 17 – Average Short-beam Strength (STD) for As-Pultruded Samples (psi) 
Product 
# 
AOC, LLC 
University 
of 
Mississippi 
Ashland 
Performance 
Materials 
Product 
Manufacturers 
Owens 
Corning 
SPX 
1 
5,930 
(280) 
5,273 
(423) 
5,868 
(235) 
5,468 
(436) 
5,272 
(540) 
6,223 
(863) 
2 
4,820 
(120) 
4,492 
(215) 
4,757 
(158) 
4,565 
(121) 
4,408 
(99) 
4,693 
(136) 
3 
5,650 
(320) 
5,596 
(135) 
5,542 
(163) 
5,574 
(244) 
5,390 
(195) 
5,519 
(136) 
 
Despite our best efforts and given the general nature of a collaborative study, not all 
exposure time was equal. This study in particular was designed to measure the effect corrosive 
degradation at exactly 60 days. Technical difficulties, as mentioned earlier, disrupted the testing 
schedule at the University of Mississippi and thus prolonged exposure time. Likewise, other 
scheduling difficulties and, perhaps in one specific case, unclear communication yielded varying 
exposure times. Finally, specimens under water exposure are not all under equal comparison. 
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Five of the eight laboratories submerged their specimens under DI water at elevated (120º F) 
while the remaining laboratories tested at room temperature. 
 These varying exposure times would be considered less than ideal, or even invalid under 
a specified test standard. However, in general practice for research purposes, this data 
nevertheless may prove vital for continuing studies and laying the groundwork for standard 
development. For example, his data can be used to examine trends in data for environmental 
exposure. Calculated averages and standard deviations for compressive properties and short-
beam strength are displayed below in Tables 18-20. 
Table 18 – Average CLC Strength (STD) for Samples Submerged in DI Water (psi) 
Product 
# 
AOC, LLC 
(62 Days 
Exposure)* 
Univ. of 
Mississippi 
(96 Days 
Exposure) 
Ashland 
Performance 
Materials 
(60 Days 
Exposure)* 
Product 
Mfg 
*, ** 
Owens 
Corning 
(69 Days 
Exposure)* 
SPX 
(60 Days 
Exposure)
* 
1 
36,000 
(9,000) 
51,041 
(6,473) 
39,254 
(5,293) 
56,417 
(6,194) 
42,762 
(7,882) 
63,592 
(5,433) 
2 
29,640 
(1,270) 
44,816 
(3,465) 
41,361 
(2,606) 
46,982 
(1,134) 
37,946 
(1,843) 
51,705 
(3,371) 
3 
57,040 
(2,320) 
62,150 
(6,142) 
56,332 
(4,651) 
67,452 
(9,461) 
56,522 
(5,679) 
75,887 
(5,358) 
*-Denotes samples were submerged in DI Water at 120ºF                                                                  
**- Denotes manufactures exposure times range from 45-69 days 
 
Table 19 – Average Compressive Modulus (STD) for Samples Submerged in DI Water (Mpsi) 
Product 
# 
AOC, LLC 
(62 Days 
Exposure)* 
Univ. of 
Mississippi 
(96 Days 
Exposure) 
Ashland 
Performance 
Materials 
(60 Days 
Exposure)* 
Product 
Mfg 
 
Owens 
Corning 
(69 Days 
Exposure)* 
SPX 
(60 Days 
Exposure)
* 
1 
3.300 
(0.740) 
3.654 
(0.502) 
N/A N/A 
3.550 
(0.889) 
N/A 
2 
3.120 
(1.270) 
3.173 
(1.238) 
N/A N/A 
2.936 
(0.364) 
N/A 
3 
3.660 
(0.660) 
4.132 
(0.117) 
N/A N/A 
3.616 
(0.602) 
N/A 
*-Denotes samples were submerged in DI Water at 120ºF                                                                 
**- Denotes manufactures exposure times range from 45-69 days 
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Table 20 – Average Short-beam Strength (STD) for Samples Submerged in DI Water (psi) 
Product 
# 
AOC, LLC 
(62 Days 
Exposure)* 
Univ. of 
Mississippi 
(96 Days 
Exposure) 
Ashland 
Performance 
Materials 
(60 Days 
Exposure)* 
Product 
Mfg 
*, ** 
Owens 
Corning 
(69 Days 
Exposure)* 
SPX 
(60 Days 
Exposure)
* 
1 
3,200 
(260) 
4,478 
(160) 
3,839 
(142) 
4,803 
(337) 
3,702 
(241) 
5,078 
(169) 
2 
2,480 
(20) 
3,820 
(119) 
3,341 
(65) 
3,307 
(68) 
3,222 
(108) 
4,442 
(146) 
3 
4,180 
(340) 
4,837 
(258) 
4,399 
(162) 
4,983 
(652) 
4,806 
(311) 
5,296 
(186) 
*-Denotes samples were submerged in DI Water at 120ºF                                                                 
**- Denotes manufactures exposure times range from 45-69 days 
Summarized data for exposure to bleach are provided in Tables 21-23 below. 
Table 21 – Average CLC Strength (STD) for Samples Submerged in Bleach (psi) 
Product 
# 
AOC, LLC 
(62 Days 
Exposure) 
Univ. of 
Mississippi 
(96 Days 
Exposure) 
Ashland 
Performance 
Materials 
(60 Days 
Exposure) 
Product 
Mfg 
* 
Owens 
Corning 
(69 Days 
Exposure) 
SPX 
(60 Days 
Exposure) 
1 
4,8190 
(10,470) 
36,009 
(9,070) 
38,192 
(6,512) 
43,933 
(3508) 
37,028 
(6,477) 
62,408 
(8,753) 
2 
35,910 
(2,280) 
22,350 
(3,756) 
35,218 
(2,749) 
39,188 
(5,136) 
27,082 
(3,343) 
52,859 
(2,933) 
3 
54,980 
(1,980) 
53,091 
(3,574) 
54,631 
(3,482) 
51,520 
(9,710) 
42,782 
(10,054) 
68,151 
(3,653) 
*- Denotes manufactures exposure times range from 45-69 days 
 
Table 22 – Average Compressive Modulus (STD) for Samples Submerged in Bleach (Mpsi) 
Product 
# 
AOC, LLC 
(62 Days 
Exposure) 
Univ. of 
Mississippi 
(96 Days 
Exposure) 
Ashland 
Performance 
Materials 
(60 Days 
Exposure) 
Product 
Mfg 
 
Owens 
Corning 
(69 Days 
Exposure) 
SPX 
(60 Days 
Exposure) 
1 
2.780 
(0.740) 
3.985 
(0.715) 
N/A N/A 
3.850 
(1.629) 
N/A 
2 
3.240 
(0.800) 
3.474 
(0.584) 
N/A N/A 
2.322 
(0.783) 
N/A 
3 
3.930 
(0.280) 
3.969 
(0.425) 
N/A N/A 
4.082 
(1.039) 
N/A 
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Table 23 – Average Short-beam Strength (STD) for Samples Submerged in Bleach (psi) 
Product 
# 
AOC, LLC 
(62 Days 
Exposure) 
Univ. of 
Mississippi 
(96 Days 
Exposure) 
Ashland 
Performance 
Materials 
(60 Days 
Exposure) 
Product 
Mfg 
* 
Owens 
Corning 
(69 Days 
Exposure) 
SPX 
(60 Days 
Exposure) 
1 
4,310 
(200) 
3,146 
(320) 
3,634 
(209) 
3,755 
(222) 
3,454 
(221) 
4,582 
(186) 
2 
3,370 
(140) 
1,961 
(115) 
3,015 
(94) 
2,637 
(146) 
2,224 
(78) 
3,781 
(131) 
3 
4,230 
(440) 
3,730 
(333) 
4,267 
(186) 
3,924 
(145) 
4,026 
(265) 
4,843 
(444) 
*- Denotes manufactures exposure times range from 45-69 days 
Finally, all HCl data is summarized throughout Tables 24-26 below. 
Table 24 – Average CLC Strength (STD) for Samples Submerged in HCl (psi) 
Product 
# 
AOC, LLC 
(62 Days 
Exposure) 
Univ. of 
Mississippi 
(96 Days 
Exposure) 
Ashland 
Performance 
Materials 
(60 Days 
Exposure) 
Product 
Mfg 
* 
Owens 
Corning 
(69 Days 
Exposure) 
SPX 
(60 Days 
Exposure) 
1 
52,850 
(3,090) 
56,983 
(5,362) 
43,071 
(1,992) 
54,750 
(4,136) 
45,178 
(5,696) 
61,268  
(8,626) 
2 
41,930 
(3,830) 
41,931 
(3,188) 
46,478 
(3,945) 
49,185 
(3,030) 
39,268 
(1,277) 
51675  
(1,866) 
3 
54,610 
(3,000) 
65,030 
(4,657) 
63,131 
(5,174) 
62,660 
(6,135) 
53,394 
(6,528) 
64928  
(7,994) 
*- Denotes manufactures exposure times range from 45-69 days 
 
Table 25 – Average Compressive Modulus (STD) for Samples Submerged in HCl (Mpsi) 
Product 
# 
AOC, LLC 
(62 Days 
Exposure) 
Univ. of 
Mississippi 
(96 Days 
Exposure) 
Ashland 
Performance 
Materials 
(60 Days 
Exposure) 
Product 
Mfg 
 
Owens 
Corning 
(69 Days 
Exposure) 
SPX 
(60 Days 
Exposure) 
1 
3.420 
(0.660) 
3.781 
(1.007) 
N/A N/A 
3.358 
(0.748) 
N/A 
2 
3.480 
(0.570) 
3.414 
(1.170) 
N/A N/A 
3.278 
(0.190) 
N/A 
3 
3.700 
(0.230) 
3.575 
(0.300) 
N/A N/A 
3.592 
(0.681) 
N/A 
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Table 26 – Average Short-beam Strength (STD) for Samples Submerged in HCl (psi) 
Product 
# 
AOC, LLC 
(62 Days 
Exposure) 
Univ. of 
Mississippi 
(96 Days 
Exposure) 
Ashland 
Performance 
Materials 
(60 Days 
Exposure) 
Product 
Mfg 
 
Owens 
Corning 
(69 Days 
Exposure) 
SPX 
(60 Days 
Exposure) 
1 
4,180 
(140) 
4,693 
(213) 
3,910 
(280) 
4,400 
(242) 
4,220 
(354) 
4,825 
(236) 
2 
3,660 
(70) 
3,508 
(178) 
3,447 
(110) 
3,272 
(352) 
3,290 
(141) 
4,117 
(178) 
3 
4,390 
(410) 
4,382 
(364) 
4,374 
(329) 
4,492 
(457) 
4,576 
(131) 
4,801 
(684) 
*- Denotes manufactures exposure times range from 45-69 days 
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DISCUSSION 
The interpretation of the results from this experiment is primarily concerned with the data 
herein obtained onsite, at the University of Mississippi. Following this primary discussion, data 
and results obtained externally from participating laboratories in this collaborative study will be 
used to help support findings in this discussion. As such, statistical analysis will only be 
performed on the raw data obtained internally. Several factors play in to the exclusion of 
analyzing outside, external data including: varying length of exposure, exposure methods i.e. 
exposure to D.I. water at room temperature vs. elevated temperature, procedure in handling 
specimens, limited documentation of method of failure, and other unknown factors.   
In order to present the entire raw data obtained throughout this study in a concise manner, 
control and experimental data from each exposure medium was pooled and placed into a series 
of collective tables, individualized by test method. CLC strength and compressive modulus data 
from Tables 7-10 were combined to create Tables 27 and 28, respectively, while short-beam 
strength data obtained in Tables 11-14 were merged to form Table 29. In addition, mechanical 
property data for each product for each medium are compiled to illustrate all the raw data 
obtained in this study herein depicted in Figures 10-18. 
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Table 27 – Combined Data Obtained for CLC Strength (psi)  
Product # Sample # As-pultruded 
D.I. Water 
(96 Days) 
Bleach 
(97 Days) 
HCl 
(96 Days) 
1 
1 64,600 55,064¹ 31,636 61,768 
2 79,575 56,109 45,847 60,310 
3 63,614 45,410 31,654 49,912 
4 76,372 58,993 32,027 60,368 
5 63,145 50,482 26,119 52,556 
6 N/A 44,211 48,768 N/A 
Average 69,461 51,041 36,009 56,983 
STD 7,870 6,473 9,070 5,362 
COV 11.3% 12.7% 25.2% 9.4% 
      
2 
1 59,982 46,348 22,732 42,322 
2 56,928 43,907 23,583 45,030 
3 67,900 39,184 16,821 37,305 
4 62,379 47,858 20,576 40,396 
5 64,917 46,784 28,275 44,602 
6 N/A 48,013³ 22,111 N/A 
Average 62,421 44,816 22,350 41,931 
STD 4,254 3,465 3,756 3,188 
COV 6.8% 7.7% 16.8% 7.6% 
      
3 
1 76,655¹ 65,001¹ 49,188 64,835 
2 N/A² 55,786 56,633 67,763 
3 86,235 66,398 48,402 68,973 
4 81,721 N/A⁴ 56,066 58,548 
5 79,506 58,089 55,373 N/A⁴ 
6 87,858 68,326 52,883 N/A 
Average 83,830 62,150 53,091 65,030 
STD 3,880 6,142 3,574 4,657 
COV 4.6% 9.9% 6.7% 7.2% 
¹ - Denotes unacceptable failure mode; listed as reference only, data not grouped in average 
² - Sample improperly gripped; data not recorded 
³ - Tested the day after removal from exposure; listed as reference only, not grouped in average 
⁴ - Data lost for run 
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Table 28 – Combined Data Obtained for Compressive Modulus (Mpsi)  
Product # Sample # As-pultruded 
D.I. Water 
(96 Days) 
Bleach 
(97 Days) 
HCl 
(96 Days) 
1 
1 4.141 4.264 4.104 3.687 
2 4.022 4.288 3.230 5.308 
3 3.460 3.515 4.009 2.996 
4 3.405 3.202 5.185 2.788 
5 3.415 3.174 4.115 4.124 
6 N/A 3.478 3.269 N/A 
Average 3.689 3.654 3.985 3.781 
STD 0.362 0.502 0.715 1.007 
COV 9.8% 13.7% 17.9% 26.6% 
      
2 
1 3.312 1.262 3.277 2.968 
2 N/A¹ 2.657 4.397 3.703 
3 N/A¹ 4.007 N/A¹ 1.648 
4 N/A¹ 4.325 2.818 4.040 
5 4.678 3.615 3.298 4.710 
6 N/A 3.365⁴ 3.582 N/A 
Average 3.995² 3.173 3.474 3.414 
STD 0.966² 1.238 0.584 1.170 
COV 24.2%² 39.0% 16.8% 34.3% 
      
3 
1 3.791 4.046 3.879 3.918 
2 N/A³ 4.248 3.802 3.247 
3 N/A ¹ 4.104 N/A¹ 3.717 
4 3.735 N/A⁵ 4.701⁶ 3.419 
5 3.204 4.001 3.863 N/A⁵ 
6 3.836 4.260 3.597 N/A 
Average 3.642 4.132 3.969 3.575 
STD 0.294 0.117 0.425 0.300 
COV 8.1% 2.8% 10.7% 8.4% 
¹ - Error in strain gage; modulus not obtained 
² - Denotes low sample variance, only two strain measurements obtained 
³ - Sample improperly gripped; data not recorded 
⁴ - Tested the day after removal from exposure; provided as reference data only, not averaged 
⁵ - Data lost for run           
⁶ - Identified as an outlier per STAT17 
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Table 29 – Combined Data Obtained for Short-beam Strength (psi)  
Product # Sample # As-pultruded 
D.I. Water 
(80 Days) 
Bleach 
(80 Days) 
HCl 
(80 Days) 
1 
1 4,721 4,635 3,546 4,858 
2 5,162 4,351 3,195 4,469 
3 5,592 4,275 3,476 4,835 
4 3,996¹ 4,424 2,741 4,851 
5 5,615 4,684 2,903 4,451 
6 N/A 4,501 3,013 N/A 
Average 5,273 4,478 3,146 4,693 
STD 423 160 320 213 
COV 8.0% 3.6% 10.2% 4.5% 
      
2 
1 4,143 3,830 1,774 3,635 
2 4,569 3,828 2,091 3,434 
3 4,440 3,939 1,989 3,732 
4 4,633 3,623 2,061 3,279 
5 4,677 3,049¹ 1,951 3,458 
6 N/A 3,878 1,899 N/A 
Average 4,492 3,820 1,961 3,508 
STD 215 119 115 178 
COV 4.8% 3.1% 5.9% 5.1% 
      
3 
1 5,397 5,240 3,495¹ 3,818 
2 5,527 5,007 4,000 4,709 
3 5,634 4,712 3,924 4,240 
4 5,712 4,713 3,811 4,498 
5 5,711 4,842 3,159 4,647 
6 N/A 4,506 3,754 N/A 
Average 5,596 4,837 3,730 4,382 
STD 135 258 333 364 
COV 2.4% 5.3% 8.9% 8.3% 
¹- Sample was overloaded prior to test; listed as reference data only, not grouped in averaged 
 
  Before interpreting the data and discussing what the results mean, it is important to first 
explain how the data was analyzed. Prior to calculating any statistical analysis i.e. average, 
standard deviation, and coefficient of variation (COV), outliers were identified and studied.  
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The Maximum Normal Residual (MNR) method recognized in MIL-HDBK-17-1F, 
Section 8.3.3 is the statistical method which was applied to identify outliers and is defined herein 
as Eq. 9 [25]: 
      
     
 
                                                    Eq.9 
       
                       
               
                  
                                
                                                
 
 The MNR was then compared to a critical value, CV, based on the sample size, n, (in our 
case, generally n=5 or 6) from Table 8.5.7 in MIL-HDBK-17-1F, where CV is defined as Eq. 10 
[25]: 
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If the MNR is greater than the CV, the data is identified as an outlier and must be 
examined. The statistical method outlined was used for each set of samples per product, per 
exposure, per test. All calculations herein described were performed using STAT17, a macro 
Excel program created for such statistical analysis [33].After an exhaustive set of analysis was 
performed, only one outlier was identified as indicated in Table 28.  
The sample was then physically examined to determine if there was a clear cause for its 
abnormal value. Careful judgment was exercised in the inspection of the identified outlier. The 
alleged outlier possessed no identification of an invalid method of failure due to an incorrect test 
procedure or any obvious manufacturing defect. As substantiation, a photograph of the alleged 
outlier is hereby provided in Figure 8 and 9. However, no clear cause was determined and as 
such, per the instruction of MIL-HDBK-17-1F, Section 2.4.4, Dispositioning of Outlier Data, the 
data was retained and grouped in the remaining statistical analysis.  It is possible that the higher 
modulus associated with this sample could be affiliated to the presence of a higher local fiber 
volume of unidirectional E-glass in this particular area of the plate where the sample was taken 
from. If so, this would reflect actual variation in properties of the material resulting from the 
manufacturing process. 
 
 
Figure 8 – Alleged outlier top view after testing  
Note: Sample dimensions are nominally 5-½” x ½” x ¼” 
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Figure 9 – Alleged outlier side/profile view after testing 
Note: Sample dimensions are nominally 5-½” x ½” x ¼” 
  
Furthermore, additional data points associated with known problems such as errors in 
strain gage readings, improper test gripping, invalid failure methods, etc. were not grouped in the 
statistical analysis, or listed herein as reference data only.  The removal of data points associated 
with known testing errors is prescribed in MIL-HDBK-17-1F 
COV values calculated for average CLC strength, shown in Table 27, range from 4.6%-
25.2%. Through different mediums the COV values from Product #1 range from 9.4%-25.2%. At 
a COV value of 25.2%, such variation is shown in Figure 10 for specimens exposed to bleach.  
COV values from Product #2 range from 6.8%-16.8%, and COV values from Product #3 range 
from 4.6%-9.9%. Product #3 yielded the lowest COV values and therefore data obtained for 
Product #3 varied the least, i.e. it was the most uniform, repeatable data. On the opposite end, 
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Product #1 yielded the highest COV values making it the least uniform. When comparing the 
spread of values recorded in Figures 10-12, Figure 12 illustrates the low spread of data (low 
COV values), while Figure 10 depicts the highest spread of CLC values (high COV values). 
Also shown in Figures 10-12, all exposure media yielded lower values than the as-pultruded 
base-line values, which was expected. However, and shown in Figure 12, the vinylester/E-glass 
CLC strength values were all higher than the polyester/E-glass counterparts and furthermore 
appear to retain more of their original baseline values, suggesting that the vinylester matrix is 
more resistant to the environmental degradation. The highest averaged COV values calculated 
throughout all the products was obtained when the products were exposed to bleach, with COV 
values ranging from 6.7%-25.2%, thus making bleach the most unpredictable medium to control 
degradation data.  
COV values calculated for average compressive modulus shown in Table 28, range from 
2.8%-39.0%. Through different mediums the COV values from Product #1 range from 9.8%-
26.6%. COV values from Product #2 range from 16.8%-39.0%, and COV values from Product 
#3 range from 2.8%-10.7%. Again, Product #3 was the most uniform in terms of least variation 
and Product #2 was least uniform and such variation and spread is contrasted in Figures 14 & 
15.Exposure to HCl yielded the highest average COV values throughout all products (8.4%-
34.3%), therefore making it the least reliable environment for controlled degradation studies for 
compressive modulus values. However, COV values were the highest in compressive modulus in 
general, suggesting that the data has the largest scatter. The scatter observed for compressive 
modulus and shown in Figures 13 & 14 are the largest recorded in this study. The large COV 
values for the compressive modulus data reflect the difficulty in repeatedly placing the 
compressometer used for the testing due to the very small change of length values that were 
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recorded during the CLC testing. Based on this data, the use of the compressive modulus data to 
compare data sets is not recommended.  
COV values calculated for average short-beam strength shown in Table 29 range from 
2.4%-10.2%. Through different mediums the COV values from Product #1 range from 8.0%-
10.2%. COV values from Product #2 range from 3.1%-5.9% and COV values from Product #3 
range from 2.4%-8.9%. Product #2, with the lowest COV values, reflected in the smallest 
amount of spread in Figure 17, was the most uniform. Product #1 had the highest COV values, 
as the large amount of spread in Figure 18 depicts, thus making it the least uniform. Exposure to 
bleach yielded the highest average COV values throughout all products (5.9%-10.2%). 
Analyzing the data merged into Tables 27-29 a few trends emerge. 1) Short-beam 
strength data yielded the lowest COV values and therefore provides a measure of mechanical 
property data with less variation.  2) COV values were a little higher for CLC strength than for 
short-beam strength, but for the most part under 25% COV. 3) COV values for compressive 
modulus were very high, at one extreme 39%. 4) Exposure to DI water and hydrochloric acid 
yielded lower COV values making them a preferred, controlled degradation environment 
compared to that of bleach.  
Overall short-beam strength proved to be the preferred method used to compare the 
effects of environmental exposure on many accounts. The standard method used to obtain short-
beam strength values, ASTM D2334, requires less sample material, less stringent fabrication 
dimensioning, and lower capacity machinery (5 kip) to run the physical test. Short-beam strength 
data can be obtained much quicker compared to the setup and testing of compressive testing. 
Failure methods generated are less complicated and do not require the level of expert inspection 
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compared to those of compressive tests. Last and most paramount, obtaining short-beam strength 
data is more reliable, yielding the lowest COV values and in general less errors throughout 
testing from grips, fabrication geometries, and strain gages.  
Data provided in Tables 27-29 and illustrated in Figures 10-19 show the collective set of 
data obtained, including maximum, minimum, and averaged data for each product mechanical 
property when exposed to the various mediums throughout the study for each product tested. The 
reflection of the COV values listed in Tables 27-29 and previously discussed is depicted in 
Figures 10-19, where higher COV values are shown with larger ranges of data. Such a trend is 
explicitly shown in the high contrast of range of data between compressive modulus graphs 
(Figures 13-15) and the short-beam strength graphs (Figure 16-18). 
  
Figure 10 –CLC Strength for Product #1 
As rec'd 
96 Days RT DI 
Water 
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Figure 11 –CLC Strength for Product #2 
 
Figure 12 –CLC Strength for Product #3 
As rec'd 
96 Days RT DI 
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Figure 13 –Compressive Modulus for Product #1 
 
Figure 14 – Compressive Modulus for Product #2 
As rec'd 
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As rec'd 
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Figure 15 – Compressive Modulus for Product #3 
 
Figure 16 – Short-beam Strength for Product #1 
As rec'd 
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As Rec'd 
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Figure 17 – Short-beam Strength for Product #2 
 
Figure 18 – Short-beam Strength for Product #3 
As Rec'd 
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In addition to identifying an appropriate test method for use as part of a newly developed 
standard practice for the environmental exposure of pultruded composites for structural 
applications, a secondary focus of this study was to provide background data related to the 
degradation of pultruded composites that can be used as a standard practice to examine the 
degradation of pultruded composites for structural applications. In support of this work to 
develop the standard practice for these pultruded composites, experiments were performed to 
quantify the corrosive degradation of composite materials when exposed to various mediums. In 
order to quantify such degradation, retention rates for the various mechanical properties were 
calculated. Utilizing the control (unexposed) data and the data from the exposed, experimental 
samples comparative data, namely retention rate (%) was calculated using Eq. 11:  
       
     
  
                                                    (Eq. 11) 
 
Where: 
                     , 
                         , and 
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Retention rates for each exposure medium are provided in Tables 30-32, in the order of 
DI water, bleach, and hydrochloric acid. 
Table 30 – Retention Rate for Average Property Data for Samples Submerged in DI Water 
Product # 
CLC Strength 
Retention Rate 
(%) 
Compressive 
Modulus 
Retention Rate 
(%) 
Short-beam 
Strength 
Retention Rate 
(%) 
1 73.5 99.0 84.9 
2 71.8 79.4 85.0 
3 74.1 113.5 86.4 
 
Table 31 – Retention Rate for Average Property Data for Samples Submerged in Bleach 
Product # 
CLC Strength 
Retention Rate 
(%) 
Compressive 
Modulus 
Retention Rate 
(%) 
Short-beam 
Strength 
Retention Rate 
(%) 
1 51.8 108.0 59.7 
2 35.8 87.0 43.6 
3 63.3 109.0 66.6 
 
Table 32 – Retention Rate for Average Property Data for Samples Submerged in Hydrochloric 
Acid  
Product # 
CLC Strength 
Retention Rate 
(%) 
Compressive 
Modulus 
Retention Rate 
(%) 
Short-beam 
Strength 
Retention Rate 
(%) 
1 82.0 102.5 89.0 
2 67.2 85.5 78.1 
3 77.6 98.2 78.3 
 
The first thing that was noticed is that the CLC strength retention rates found were 
always found to be lower than the corresponding retention rates for short-beam strength 
(generally by 5-10%). Such a trend suggests that ASTM D6641 provides the earliest glance at 
sample deterioration.  
Overall, room temperature DI water exposure retention rates were seen to be high for all 
three products. This suggests that these composites were not extensively attacked in this 
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medium, and this would be expected with the relatively low diffusion rate of the DI water at 
room temperature. Retention rates were lower, and thus exposure was more severe, for the 
polyester /E-glass composites (Products #1 & 2) than the vinylester/E-glass composites 
(Product#3) for all averaged properties when exposed to DI water; however, the retention rate 
was very similar for all three products when exposed to the RT DI water environment. DI water 
provided the most uniform results in terms of retention rates for all three products. Retention 
rates for average compressive modulus were harder to analyze for DI water. Polyester/E-glass, 
Products #1 & 2 had compressive modulus retention rates of 99.0% and 79.4%. Vinylester/E-
glass, Product #3 had a compressive modulus retention rate of 113%, meaning 13% higher than 
the baseline, as pultruded sample. However, the variation seen in all of the compressive modulus 
data makes this data difficult to interpret (as discussed in the COV section).  
Exposure to bleach provided less uniform results. Compared to DI water and 
hydrochloric acid, exposure to bleach yielded the lowest retention rates for average compressive 
and short-beam strength for all three products, consequently making it the most corrosive 
environment in terms of mechanical property degradation. As was the case for DI water, it was 
observed the vinylester composites retained higher retention rates than the polyester/E-glass 
composite for all mechanical properties when exposed to bleach.  
When analyzing the retention rate for average properties, by almost all measurements 
exposure to hydrochloric acid yielded the highest retention rates for compressive and short-beam 
strength for all three products, therefore classifying exposure to hydrochloric acid the least 
corrosive environment in this study. The exception to this finding, however, is that the 
compressive modulus retention rates were higher when exposed to bleach rather than 
hydrochloric acid. Interestingly enough, after exposure to hydrochloric acid, a polyester 
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composite (Product #1) retained their mechanical properties better than the vinylester composite, 
breaking the trend seen in the as pultruded samples and samples exposed to DI water and bleach. 
This trend only occurred when exposed to this medium. This emphasizes the importance of a 
wide variety of exposure medium to test. Exposure to such an acidic environment exposed the 
vinylester composite from otherwise being the superior product in all test mediums. 
Based on the findings displayed in Tables 30-32, several conclusions and trends were 
identified. 1) CLC strength retention rates were lower than the corresponding retention rates for 
short-beam strength (generally by 5-10%), suggesting that ASTM D6641 may be used to detect 
the first glance at sample deterioration. 2) It is clear that it is important to consider the specific 
product; for these products, the vinylester/E-glass composites, Product #3, had retention rates for 
every mechanical property measured higher than those retained by the polyester/E-glass except 
one; the only exception to this trend was found in the samples exposed to hydrochloric acid, 
where Product #1 retained higher mechanical properties than Product #3. 3) Exposure to RT DI 
water yielded high retention rates and were rather uniform compared to the other test mediums 
analyzed. 4) Exposure to bleach yielded the lowest retention rates for compressive and short-
beam strength, as a result making it the most corrosive environment in this study.  5) When 
exposed to any medium, compressive modulus is the least affected mechanical property. 
Throughout this study average compressive modulus retention rate exceeded 100%, meaning the 
products yielded higher modulus values than their baseline values. This occurred for both 
polyester and vinylester products. The increase in retention rate can be attributed to the large 
scatter in the data as indicated by the high COV values for the compressive modulus data, and 
the generally high retention rates are not surprising. This result is expected as compressive 
modulus is a fiber dominated property, and E-glass is less affected by these environments than is 
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the polymer matrix. And 6) just as it is important to consider product material, it is important to 
consider exposure medium. The application of a variety of test mediums gives more of a 
complete picture for the products being tested. 
The first measurements recorded throughout this study were the product’s physical 
properties, including geometry and weight. The following discussion specifically focuses on the 
on the specimen weight change or average percent weight change data (APWC). APWC was 
initially introduced in Tables 4-6. Combining the APWC data obtained in Tables 4-6 and the 
retention rate data obtained in Tables 30-32, Tables 33-35 and Figures 19-24 were created to 
better illustrate the effect of APWC on mechanical property retention rate. 
Table 33 – Average Percent Weight Change (APWC) and Retention Rates for Product #1 When 
Exposed to Various Mediums (in %) 
 DI Water Bleach HCl 
APWC for SB Samples 
(80 Days Exposure) 
0.83 0.54 -0.04 
Retention Rates for Short-beam Strength 84.9 59.7 89.0 
    
APWC for CLC Samples 
(96 Days Exposures) 
0.69 0.53* 0.16 
Retention Rates for CLC Strength  73.5 51.8* 82.0 
Retention Rates for Compressive Modulus  99.0 108.0* 102.5 
*-Denotes samples were subjected to 97 days exposure  
Table 34 – Average Percent Weight Change (APWC) and Retention Rates for Product #2 When 
Exposed to Various Mediums (in %) 
 DI Water Bleach HCl 
APWC for SB Samples 
(80 Days Exposure) 
1.31 0.80 1.10 
Retention Rates for Short-beam Strength 85.0 43.6 78.1 
    
APWC for CLC Samples 
(96 Days Exposures) 
1.13 0.85* 1.03 
Retention Rates for CLC Strength  71.8 35.8* 67.2 
Retention Rates for Compressive Modulus  79.4 87.0* 85.5 
*-Denotes samples were subjected to 97 days exposure  
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Table 35 – Average Percent Weight Change (APWC) and Retention Rates for Product #3 When 
Exposed to Various Mediums (in %) 
 DI Water Bleach HCl 
APWC for SB Samples 
(80 Days Exposure) 
0.50 0.46 0.46 
Retention Rates for Short-beam Strength 86.4 66.6 78.3 
    
APWC for CLC Samples 
(96 Days Exposures) 
0.46 0.59* -0.01 
Retention Rates for CLC Strength  74.1 63.3* 77.6 
Retention Rates for Compressive Modulus  113.5 109.0* 98.2 
*-Denotes samples were subjected to 97 days exposure  
 
 
Figure 19 - APWC vs. Average SB Strength RR for Products Exposed to DI Water 
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Figure 20 - APWC vs. Average CLC Strength RR for Products Exposed to DI Water 
 
 
Figure 21 – APWC vs. Average SB Strength RR for Products Exposed to Bleach 
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Figure 22 – APWC vs. Average CLC Strength RR for Products Exposed to Bleach 
 
 
Figure 23 – APWC vs. Average SB Strength RR for Products Exposed to HCl 
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Figure 24 – APWC vs. Average CLC Strength RR for Products Exposed to HCl 
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recommended and the listing of average retention rates in Tables 33-35 is for reference only.  
As shown in Tables 33-35, the highest average percent weight change observed in this 
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change in this study when exposed to hydrochloric acid, and in fact recorded negative average 
percent weight change. This data may be affected both by material dissolution and by absorption 
of the media by the sample. Exposure to hydrochloric acid has the potential to reduce overall 
specimen mass and did so in the course of this study. This is a case of corrosion contributing to 
weight loss, or mass reduction. No other exposure medium throughout this study produced 
overall mass reduction. 
Shown in Tables 33-35 is a trend that relates higher average percent weight change with 
lower average property retention rate (for CLC and short-beam strength). Generally speaking, 
Product #2 had the highest average percent weight change and the lowest average property 
retention rates. In fact, this trend was consistent throughout all three different mediums used in 
this study. The opposite is also true; the vinylester composite (Product #3) in general had the 
lowest average percent weight gain and maintained the highest average property retention rate. 
This was also consistent throughout all test mediums. This certainly makes sense because it is 
expected that the vinylester/E-glass composite is the superior material and thus be the more 
corrosion resistant than the polyester composites and as such retain higher mechanical property 
retention rate.  
The inverse relationship between percent weight change and retention rate is perhaps best 
detailed in Figures 19-24 with line charts and trendlines (trendlines were not available for 
Figures 23 & 24 where negative values exist). For these figures, a simple second order 
polynomial trendline was used. Such a trendline was chosen as a preferred method over a simple 
linear trendline, without the need of selecting an overly complex trendline. The use of the second 
order polynomial trendline simply offers a pronounced direction of where the data, in this case 
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the relationship between average weight change percent vs. average property retention rate, 
theoretically occurs outside the given observed/recorded data points.  
It is interesting to note however, that this relationship is more prominent in the more 
corrosive mediums, namely bleach and hydrochloric acid as depicted in Figures 21-24.  It has 
been already noted that exposure to bleach degrades the mechanical integrity of the products 
herein examined more than any of the other test mediums. Therefore analysis of the relationship 
between average percent weight change and average mechanical property retention rates should 
also be the pronounced. Such a statement is validated in Figures 21 & 22 for SB strength and 
CLC strength, respectively. This relationship is not as pronounced for the products exposed to 
hydrochloric acid as shown in Figures 23 & 24. Instead, average retention rates for SB strength 
appear to level out as average percent weight change increases while the relationship for CLC 
strength retention rates and average percent weight change is more similar to those observed due 
to exposure in bleach. The rate at which such a relationship levels out and is proven is drastically 
minimized, but still exists as well for exposure to DI water as portrayed in Figures 19 & 20.  
While there certainly are trends in the data as described, drawing a correlation is rather 
problematic. For example, the retention rates for all three products for average short-beam 
strength when exposed to DI water are rather uniform at 84.9%, 85.0%, and 86.4%. However, 
the average percent weight change for all three products were widely scattered at 0.83%, 1.31% 
and 0.50%, respectively. Isolating the retention rates between the similar polyester/E-glass 
products (Products #1 & 2), almost an identical average short-beam strength retention rates 
(within 0.01%) were measured from the two similar products with a large difference in average 
percent weight change (from 0.83% to 1.31%).  It is not possible to draw a direct correlation, i.e. 
1.00% higher average percent weight change does not result in 1.00% lower average mechanical 
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property retention rate, but what can be concluded is that higher average percent weight change 
in general resulted in lower average mechanical property retention rate. 
To summarize, specimens exposed to DI water yielded the highest amount of average 
percent weight gain and specimens exposed to hydrochloric acid yielded the lowest average 
percent weight gain. In fact exposure to hydrochloric acid produced specimens with overall mass 
loss. No other tested medium produced such degradation. Exposure to DI water produced the 
most uniform results in terms of average percent weight gain and average mechanical property 
retention rate. An inverse relationship between average percent weight change and average 
mechanical property retention rate was observed in this study One last trend observed and rather 
expected, provided the general properties of the materials, is that the vinylester/E-glass 
specimens recorded lower weight gain and maintained higher mechanical property retention rates 
than the polyester/E-glass specimens, although there were a few exceptions observed, 
particularly upon exposure to hydrochloric acid where predictions were less successful.  
In summary, comparative photographs are provided in Figures 25-27 to illustrate the 
physical discoloration due to environmental degradation for the short-beam strength samples. 
These photos were taken after testing was performed. Note: the samples are in the order from the 
left to right: as-pultruded, D.I. water exposure, bleach exposure, and hydrochloric acid exposure 
and the samples displayed in Figure 25 & 26 are censored to conceal manufacturer identity.  
While only visual observation was used to quantify the cosmetic 
degradation/discoloration, a few observations can be made. First, samples exposed to DI water 
appear to be the least affected in terms of physical discoloration. Second, as shown in Figures 
25-27, the specimen identification markings for all products were lost due to exposure to bleach. 
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As stated previously, the specimens were re-marked X1, X2, etc. It is interesting to note that 
such removal of permanent marker only occurred in the bleach medium and it is fitting because 
exposure to bleach proved to be the most detrimental to average mechanical property retention 
rates. And lastly, the exposure of hydrochloric acid appears to be the detrimental to 
physical/cosmetic discoloration. As has been discussed, this finding was not indicative that this 
was the most corrosive environment in terms of average mechanical property retention rate. 
Therefore, it can be seen that simple visual examination of pultruded composites exposed to 
corrosive environments is not sufficient to know how significantly the mechanical properties of 
the material were affected by the environment. 
 
Figure 25 – Physical degradation/discoloration of samples for Product #1 
From left to right: as pultruded, DI water, bleach, and HCl 
Note: Nominal sample geometries 1-½”x ¼” x ¼“ 
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Figure 26 – Physical degradation/discoloration of samples for Product #2  
From left to right: as pultruded, DI water, bleach, and HCl 
Note: Nominal sample geometries 1-½”x ¼” x ¼“ 
 
 
Figure 27 – Physical degradation/discoloration of samples for Product #3 
From left to right: as pultruded, DI water, bleach, and HCl 
Note: Nominal sample geometries 1-½”x ½” x ¼“ 
  
73 
 
 
 
CONCLUSION 
The primary focus of this study was to contribute viable data to industry and to provide 
data to be used to develop a standard practice to characterize the durability for pultruded 
composites used for structural applications. As part of a task group for the development of such a 
standard practice, collaborative data was obtained and studied. Physical and mechanical property 
data of commercially pultruded composites were evaluated after a minimum of 60 days exposure 
to: distilled water, bleach, and hydrochloric acid. Data obtained at the University of Mississippi 
was herein exclusively examined and it was found that: 
1) The CLC strength (ASTM D6641) retention rates were lower than the short-beam 
strength retention rates for all products and mediums examined (generally 5 to 10%), 
suggesting that this standard might be used to detect early sample deterioration.  
2) The short-beam strength test  (ASTM D2344) generated the most reliable data in 
terms of the yielding the lowest COV values and was found to be the preferred test 
method in terms of cost effectiveness, ease of operation, and providing the most 
repeatable data 
3) Bleach was the most corrosive environment examined, yielding the lowest average 
mechanical property retention rates (RR) and highest coefficient of variation (COV) 
than any other medium studied 
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4) RT DI Water was the most controlled environment, yielding the lowest COV values 
for average mechanical property retention rate and most uniform average percent 
weight change results than any other medium studied 
5) The vinylester/E-glass products examined in this study were  more resilient, retaining 
the higher average retention rates than their polyester/E-glass products in every 
mechanical property analyzed  
6) An inverse relationship was generally found when examining average weight change 
data and average mechanical property retention rate data; higher average weight 
change in general yielded lower average mechanical property retention rate; however, 
a direct correlation between percent weight change and the level of mechanical 
property retention rate was not seen.  
7) Compressive modulus data was the least reliable data obtained in this study, 
generating the highest COV values for any mechanical property measured. This was 
attributed to the difficulty in precisely obtaining strain data for the samples tested.  
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